We have previously proposed that changes in malonyl-CoA sensitivity of rat L-CPT1 (liver carnitine palmitoyltransferase 1) might occur through modulation of interactions between its cytosolic Nand C-terminal domains. By using a cross-linking strategy based on the trypsin-resistant folded state of L-CPT1, we have now shown the existence of such N-C (N-and C-terminal domain) intramolecular interactions both in wild-type L-CPT1 expressed in Saccharomyces cerevisiae and in the native L-CPT1 in fed rat liver mitochondria. These N-C intramolecular interactions were found to be either totally (48-h starvation) or partially abolished (streptozotocin-induced diabetes) in mitochondria isolated from animals in which the enzyme displays decreased malonyl-CoA sensitivity. Moreover, increasing the outer membrane fluidity of fed rat liver mitochondria with benzyl alcohol in vitro, which induced malonyl-CoA desensitization, attenuated the N-C interactions. This indicates that the changes in malonyl-CoA sensitivity of L-CPT1 observed in mitochondria from starved and diabetic rats, previously shown to be associated with altered membrane composition in vivo, are partly due to the disruption of N-C interactions. Finally, we show that mutations in the regulatory regions of the N-terminal domain affect the ability of the N terminus to interact physically with the C-terminal domain, irrespective of whether they increased [S24A (Ser 24 → Ala)/Q30A] or abrogated (E3A) malonyl-CoA sensitivity. Moreover, we have identified the region immediately N-terminal to transmembrane domain 1 (residues 40-47) as being involved in the chemical N-C cross-linking. These observations provide the first demonstration by a physico-chemical method that L-CPT1 adopts different conformational states that differ in their degree of proximity between the cytosolic N-terminal and the C-terminal domains, and that this determines its degree of malonyl-CoA sensitivity depending on the physiological state.
INTRODUCTION
In mammals, mitochondrial β-oxidation of long-chain fatty acids plays a major role in the regulation of energy homoeostasis, especially during fasting, absolute or relative insulin deficiency, or prolonged exercise. CPT1 (carnitine palmitoyltransferase 1) (EC 2.3.1.21), which forms part of the carnitine-shuttle system, is the key regulatory enzyme of long-chain fatty acid oxidation [1, 2] . This enzyme catalyses the first step in the transfer of longchain acyl moieties from the cytosolic compartment into the mitochondrial matrix, where they undergo β-oxidation. The CPT1 activity is tightly regulated by its physiological inhibitor malonylCoA, the first intermediate in fatty acid biosynthesis [3] . This provides a mechanism for physiological regulation of β-oxidation in all mammalian tissues and for cellular fuel sensing, based on the availability of fatty acids and glucose [1, 4, 5] .
In mammalian tissues, three CPT1 isoforms with various tissue distributions exist: a liver (L-CPT1 or CPT1-A), a muscle (M-CPT1 or CPT1-B) and an isoform abundant in brain (CPT1-C), which are encoded by different genes [1, 2, 6] . In contrast to M-CPT1, one of the distinctive properties of the liver isoform is that its sensitivity to malonyl-CoA inhibition varies markedly depending on physiological state in adult rat. For example, it is increased by refeeding carbohydrate to fasted rats, by obesity or after insulin administration to diabetic rats, whereas it is decreased by starvation and diabetes [7] [8] [9] [10] . These changes in malonyl-CoA sensitivity have been shown to be under the control of pancreatic hormones and to occur long term [10, 11] . In a recent publication [12] it was found that residues Ser 741 and Ser 747 of rat L-CPT1 are phosphorylated in fed rat liver OMM (mitochondrial outer membrane) isolated in the presence of protein phosphatase inhibitors. Dephosphorylation of these residues, which could only be achieved by exposure to a mitochondrial matrix phosphatase, altered the sensitivity of the enzyme to malonyl-CoA sensitivity [12] . However, cytosolic phosphatases seemed to be unable to achieve dephosphorylation, and protein kinases that are normally involved in acute modulation of metabolism (e.g. protein kinase A, AMP-activated protein kinase, protein kinase C, calcium/ calmodulin protein kinase II) were ineffective in mediating phosphorylation of these residues. Only protein kinase CK2 was able to phosphorylate these residues after matrix phosphatase treatment [12] . Therefore, the physiological relevance of these findings with respect to the well-established stable changes in malonyl-CoA sensitivity observed previously in mitochondria isolated from livers in vivo [7] [8] [9] [10] and cultured cells [11] -all observed in the absence of phosphatase inhibitors -is not clear, beyond the possible setting of the inherent properties of the protein through constitutive phosphorylation by CK2.
Changes in malonyl-CoA sensitivity of rat L-CPT1 have been shown to be associated with changes in the OMM composition environment in vivo. In liver mitochondria isolated from rats in different physiological states these changes are also associated with changes in membrane fluidity [13] and can be mimicked in vitro by temperature-or chemically-induced modulation of OMM lipid bilayer fluidity [14, 15] . All these observations strengthened the hypothesis that L-CPT1 may adopt at least two conformational states that are more or less sensitive to malonyl-CoA inhibition. However, the molecular basis for the changes in malonyl-CoA sensitivity remains largely unknown, despite clues that have begun to emerge from functional mutagenesis studies. Rat L-CPT1 is an integral membrane protein anchored in the OMM that harbours two hydrophobic transmembrane segments (TM1 and TM2) [1] . Its N-terminal 47-residue domain and large C-terminal catalytic domain (residues 123-773) are both exposed to the cytosolic face of the OMM, whereas the loop connecting TM1 and TM2 protrudes into the intermembrane space [16] . The N-terminal domain, including TM1 and TM2 (1-147 residues), was shown to be responsible for mitochondrial import into the OMM and for maintenance of a folded active and malonyl-CoA-sensitive conformation [17, 18] . Limited proteolysis of the extreme N terminus with proteinase K [16] and functional mutagenesis studies [19, 20] have shown that the N-terminal 18 amino acids, and particularly Glu 3 , are required for malonyl-CoA sensitivity. In fact, the N-terminus contains predicted α-helices that are either positive (residues 1-18) or negative (residues 19-30) determinants of malonyl-CoA sensitivity [21, 22] , but is unable to bind malonylCoA with a high affinity independently of the C-terminal domain [23] . Moreover, functional study of chimeric L-and M-CPT1 proteins indicated that the nature of the cytosolic N-C interactions might be involved in the degree of malonyl-CoA sensitivity of the L-isoform [24] . The existence of such N-C (N-and C-terminal domain) interactions was supported by the identification of a highly trypsin-resistant 60-kDa folded core within the catalytic C-terminal that is masked in the native protein by its cytosolic N-terminal residues [18] . However, direct demonstration of the existence of N-C interactions, as well as the modulation of these interactions in parallel with changes in malonyl-CoA sensitivity, has not yet been made. Although the three-dimensional structure models for the catalytic domain of L-CPT1 have been published, based on the crystal structure of the carnitine acetyltransferase [25, 26] , these cannot be used to model the N-C interactions because the first 165 residues of L-CPT1 do not have a counterpart in carnitine acetyltransferase [2] .
In the present study, we have used an alternative approach, namely, a cross-linking strategy that has been successfully used to study intramolecular interactions within proteins [27] . We examined whether the cytosolic N-terminus interacts with the catalytic C-terminal domain of rat L-CPT1, and whether these intramolecular interactions are altered in situations associated with changes in malonyl-CoA sensitivity of the enzyme. By using a cross-linking strategy, based on the trypsin-resistant folded state of L-CPT1, we demonstrated the existence of N-C interactions both in L-CPT1 expressed in Saccharomyces cerevisiae and in the native protein in mitochondria isolated from fed rat liver. Moreover, these N-C interactions were either totally abrogated or markedly altered by the E3A (Glu 3 → Ala) and S24A/Q30A substitutions, by starvation and by streptozotocininduced diabetes, as well as by increasing membrane fluidity of mitochondria. Altogether, these results demonstrate that rat L-CPT1 adopts different conformational states that are more, or less, sensitive to malonyl-CoA inhibition, and that involve different degrees of proximity between specific residues within the N-and C-domains under conditions characterized by changes in malonylCoA sensitivity.
EXPERIMENTAL

Construction of expression plasmids, yeast culture and isolation of yeast mitochondria
To generate the E3A mutant, PCR was performed using a previously described Pichia pastoris expression construct [21] as template with the primers 5 -CTAAGAATTCGATGGCTGCTGCT-CACC-3 and 5 -TTCCTTCATCAGTGGCCTTACAGA-3 . The primers 5 -TTAAGAATTCGATGGCAGAGGCTCACC-3 and 5 -CTCGGCCCCGCAGGTAGATA-3 were used to amplify a region from S24A/Q30A construct, as described previously [22] . The purified PCR products were digested with EcoRI and Acc65I, and used to replace the corresponding fragment of rat L-CPT1 in pYeDP1/8-10 [28] . cDNA of wild-type, E3A and S24A/Q30A mutants were placed under the control of the inducible GAL10 promoter, and the constructs were used to transform S. cerevisiae (haploid strain W303: MATa, his3, leu2, trp1, ura3, ade2-1, can1-100). The yeast expression construct for the human L-CPT1 has been described previously [29] . Yeast strains were cultivated on selective minimal lactate medium (0.17 % yeast nitrogen base without amino acids, 0.5 % ammonium sulphate, 0.1 % casamino acids, 2 % lactate, 40 mg/ml adenine sulphate, 40 mg/ml L-tryptophan) at 30
• C with shaking. After induction of protein expression by 2 % galactose for 15 h, yeast mitochondria were isolated as described previously [28] , resuspended in the isolation buffer (0.6 M sorbitol, 20 mM Hepes/KOH, pH 7.4) and stored at − 80
• C until used.
Isolation of rat liver mitochondria
Male Wistar rats (200-300 g) (Centre d'Elevage et de Reproduction Janvier, Le Genest St Isle, France) had continuous free access to water and were either fed ad libitum on a standard laboratory chow diet (62 % carbohydrate, 12 % fat and 26 % protein in terms of energy) or starved for 48 h. Diabetes was induced by a single intraperitoneal injection of streptozotocin (52 mg/kg of body mass). Only animals that 2 days after streptozotocin treatment had a blood glucose concentration higher than 20 mM were used at 5 days. All animals were kept on a light-dark cycle (light from 15:00 to 03:00 h) and were killed at 08:00 h. Rat liver mitochondria were isolated in an isolation buffer (0.3 M sucrose, 5 mM Tris/HCl, 1 mM EGTA, pH 7.4) using differential centrifugation, further purified on self-forming Percoll gradients and resuspended in the isolation buffer as described previously [17] .
Chemical cross-linking
Mitochondria were washed twice either in HSY buffer (10 mM Hepes, 0.6 M sorbitol, pH 8; yeast mitochondria) or in HSR buffer (10 mM Hepes, 0.3 M sucrose, pH 8; rat liver mitochondria), and finally resuspended in the respective buffer at a protein concentration of 2 mg/ml. Where indicated, mitochondria were preincubated for 4 min at 30
• C in the presence of 0, 40, 100 or 200 mM of benzyl alcohol, a membrane-fluidizing agent. The polar cross-linkers used were dissolved in water, and were BS • C, mitochondria were recovered by centrifugation, washed and finally resuspended in the respective isolation buffer at a protein concentration of 0.5 mg/ml before performing the trypsin treatment.
Treatment of mitochondria with trypsin
Mitochondria (50 µg) were incubated for 30 min on ice either in the iso-osmotic isolation buffer or in a hypo-osmotic buffer (20 mM Hepes, pH 7.4) with various concentrations of trypsin (0-10 µg/ml). Soya-bean trypsin inhibitor was then added in a 20-fold excess, and mitochondria were further incubated on ice for 10 min. After centrifugation for 7 min at 12 000 g, mitochondria were washed in the isolation buffer containing 1 mM EDTA and 1 mg/ml soya-bean trypsin inhibitor, and then lysed directly in Laemmli buffer containing 1 mM PMSF. Samples were analysed by SDS/PAGE and immunoblotting.
Western-blot analysis
Aliquots of proteins were subjected to SDS/PAGE [30] 
The detection of L-CPT1 after blotting on to nitrocellulose was performed as described previously [28] using the ECL ® detection system (Pierce), according to the manufacturer's instructions, and an antibody against the rat L-CPT1 [28] . The immunoblots were quantified using a Chemigenius apparatus (Syngene).
CPT assay
CPT activity was assayed using either yeast mitochondria or freshly isolated rat liver mitochondria (0.1 mg of protein/ml) at 30
3 H]carnitine (200 µM; 10 Ci/mol) and palmitoyl-CoA (80 µM) in the presence of 1 % (w/v) BSA as described previously [28] . Malonyl-CoA concentration ranged from 0.01 to 600 µM for estimation of the IC 50 value (concentration of malonyl-CoA required to achieve 50 % inhibition at 80 µM palmitoyl-CoA). When indicated, benzyl alcohol was included at a final concentration of 20 mM in the assay medium during the 4-min period of pre-incubation before initiation of the reaction by addition of L-carnitine, as described previously [14] .
Miscellaneous and chemicals
Protein concentration was determined by the method of Lowry [31] with BSA as a standard. All cross-linkers were purchased from Pierce. Yeast culture media products were from Difco, and Zymolase 20T was from ICN Biomedicals, France. All restriction enzymes and T4 DNA ligase were from Stratagene. PCR reagents and T4 DNA polymerase were obtained from Invitrogen (San Diego, CA, U.S.A.). Other chemicals were purchased from Sigma.
Statistical analysis
The results are expressed as the means + − S.E.M. Statistical analysis was performed using the ANOVA test with the StatView program (Abacus).
RESULTS
Detection of N-C intramolecular interactions within rat L-CPT1 expressed in yeast
The first aim of the present study was to determine whether the N-terminal domain of rat L-CPT1 interacts with its catalytic Cterminal domain. For this purpose, we developed a cross-linking strategy based on the resistance of L-CPT1 towards trypsin proteolysis in its native conformation ( Figure 1A) . Previous studies have shown that, in intact mitochondria, L-CPT1 exhibits a native functional conformation characterized by a highly folded state that is resistant to trypsin proteolysis [16, 18, 23, 28] . When the OMM was disrupted by swelling, trypsin was then able to cleave the loop connecting TM1 and TM2, hence generating an 82-kDa fragment (f82) ( Figure 1A , a-c). We hypothetized that if a cross-linking agent was able to establish a covalent bond between the N-and C-terminal domains of L-CPT1 ( Figure 1A, d ), then the protein would still migrate at 88 kDa, even when cleaved by trypsin upon swelling of the mitochondria ( Figure 1A , e). This should result in an increase in the L-CPT1/f82 ratio in comparison with non-cross-linked mitochondria ( Figure 1A , compare c and f). Therefore, the ability of a cross-linker to reverse the L-CPT1/f82 ratio would allow us to conclude that the N-terminal domain comes into close proximity to the catalytic C-terminal domain such that the distance can be chemically bridged, suggesting the existence of N-C interactions. In order to select such cross-linkers, an initial series of experiments was performed using heterologous expression of rat L-CPT1 in S. cerevisiae, a system devoid of endogenous CPT [28, 32] . As shown in Figures 1(B) and 1(C), in the absence of cross-linker, a concentration of trypsin of 5 µg/ml was required to generate a ratio of approx. 1:1 between intact L-CPT1 protein and the f82 fragment in swollen yeast mitochondria expressing L-CPT1. In the presence of the polar amine/amine BS 3 (which has a spacer arm of 11.3 Å between its functional groups) or amine/carboxyl EDC (no spacer arm) cross-linkers, this L-CPT1/f82 ratio remained unchanged in comparison with control mitochondria ( Figures 1B and 1C ). This indicated that these crosslinkers were unable to establish an N-C intramolecular bond. By contrast, the polar amine/sulphydryl sulpho-KMUS (15.7 Å spacer arm) cross-linker strongly increased the L-CPT1/f82 ratio up to more than 4:1 ( Figures 1B and 1C ). This clearly validated the cross-linking strategy. In order to determine the importance of the spacer-arm length of the cross-linker in the establishment of such N-C intramolecular cross-linking, we used two shorter polar analogues of sulpho-KMUS, namely, sulpho-GMBS (6.8 Å) and sulpho-MBS (9 Å). By contrast to sulpho-KMUS, both these analogues were unable to effect cross-linking of the N-and Cdomains, and thus to change the L-CPT1/f82 ratio (Figure 2A ), indicating that a minimal length of 15.7 Å was required for the generation of an N-C intramolecular link within L-CPT1. Moreover, as sulpho-KMUS is a polar cross-linker which is unable to cross the OMM, it was concluded that the N-C covalent bond must have been generated on the external aspect of the mitochondria.
In order to detect other intramolecular interactions, such as TM1-TM2 or intra-loop interactions, membrane-permeant analogues of sulpho-KMUS, such as the apolar GMBS (spacer arm 6.8 Å), MBS (9 Å) and LC-SMCC (16.1 Å), were tested. Similarly to what was observed for the polar sulpho-analogues, only the longest cross-linker was able to generate a cross-linked product ( Figure 2B ). However, LC-SMCC was less efficient than sulpho-KMUS, since it increased the L-CPT1/f82 ratio only to 7:3 at the concentration of 250 µM, this ratio being already reached at a much lower sulpho-KMUS concentration (100 µM) (compare Figures 2A and 2B ). Thus both apolar amine/sulphydryl crosslinkers with shorter spacer arms ( Figure 2B ), as well as the apolar amine/amine DSG (disuccinimidyl glutarate) (9 Å) and DFDNB (1,5-difluoro-2,4-dinitrobenzene) (3 Å) cross-linkers (results not shown), did not result in the detection of intramolecular bonds within rat L-CPT1 on either side of the tryptic site within the inter-TM loop. Moreover, as only the apolar LC-SMCC was able to mimic sulpho-KMUS in generating a covalent cross-link, the detected N-C intramolecular interactions are likely to have occurred on the cytosolic face of the mitochondria, i.e. between the cytosolic N-terminus and the catalytic C-terminal domain of L-CPT1. This establishes, for the first time, the existence of N-C intramolecular interactions within the rat L-CPT1 using a physico-chemical technique.
Native rat liver mitochondrial L-CPT1 exhibits N-C intramolecular interactions that are altered by starvation and diabetes of the donor animals
In order to determine whether physio-pathological situations that are associated with changes in malonyl-CoA sensitivity are able to alter such N-C intramolecular interactions in native rat L-CPT1 in its normal membrane-environment, liver mitochondria were isolated from control fed, 48-h starved or streptozotocin-induced diabetic rats. As previously reported [10, 33] , both starvation and diabetes increased L-CPT1 protein level ( Figure 3A ) and activity (Table 1 ) and decreased its sensitivity to malonyl-CoA inhibition, the IC 50 value for malonyl-CoA being 10-and 4-fold higher respectively than that of L-CPT1 in mitochondria isolated from fed rat (Table 1) .
Preliminary experiments were first performed to determine the concentration of trypsin required to obtain an L-CPT1/f82 ratio of approx. 1:1. In agreement with a lower L-CPT1 protein expression in fed rat liver than in yeast expressing L-CPT1 [28] , a 10-fold lower trypsin concentration was needed to generate an L-CPT1/ f82 ratio of 1:1 in fed rat liver mitochondria ( Figures 3B and 3C ) so that similar trypsin/mitochondrial protein ratios were required. However, L-CPT1 from starved rat was less susceptible to trypsin action than L-CPT1 from fed and diabetic rats, at all the trypsin concentrations tested (Figures 3B and 3C) . This difference in susceptibility towards trypsin action was independent of the level of L-CPT1 expression; whereas both starvation and diabetes induced a 2-to 3-fold increase in L-CPT1 protein level (Figure 3A) , only L-CPT1 in mitochondria from starved rat showed a requirement for an increased trypsin concentration. These observations suggest that a change in the conformation and/or the organization of L-CPT1 within the OMM may occur during fasting, giving rise to restricted accessibility to the trypsin cleavage site within the inter-TM segment loop. These preliminary observations necessitated the use of different concentrations of trypsin, depending on the physio-pathological state of the animals used as a source for mitochondria. The trypsin concentrations used were 0.5 µg/ml for the fed and diabetic states and 2 µg/ml for mitochondria from starved rats. Cross-linking experiments using mitochondria isolated from fed rats showed that the L-CPT1/f82 ratio was increased up to 3:1 and 19:1 in the presence of 50 µM and 250 µM of sulpho-KMUS respectively ( Figure 4A ). The ability of the cross-linker to increase this ratio was more pronounced for the native protein in fed rat liver mitochondria than for the protein expressed in S. cerevisiae (compare Figure 4A with Figure 2A ). This difference may result from the over-expression of the protein in S. cerevisiae. By contrast, in mitochondria isolated from 48-h starved rats, the L-CPT1/f82 ratio remained constant at 1:1 at the various concentrations of cross-linker used ( Figure 4B ). Similarly, in mitochondria isolated from diabetic rats, concentrations of sulpho-KMUS higher than 50 µM were required to increase the L-CPT1/f82 ratio ( Figure 4C ), indicating the occurrence of altered N-C intramolecular interactions that make the cross-linking less favourable. These results indicated that, as observed for L-CPT1 expressed in S. cerevisiae, the cytosolic N-terminus interacts with the C-terminal domain of the native fed rat L-CPT1 and that these N-C interactions are altered to a greater or lesser extent by starvation and diabetes, two situations associated with a variable decrease in malonyl-CoA sensitivity.
Effect of membrane fluidization in vitro on the N-C intramolecular interactions
An increase in the fluidity of the OMM by a chemical agent, such as benzyl alcohol, has been shown to decrease the sensitivity
Figure 4 Starvation and diabetes induce a modification of the N-C intramolecular interactions in L-CPT1
Cross-linking experiments were performed in the presence of water or sulpho-KMUS at the indicated concentrations using liver mitochondria isolated from fed (A), 48-h starved (B) or streptozotocin-induced diabetic (C) rats. All samples were submitted to swelling in the presence of trypsin at 0.5 µg/ml (fed and diabetic) or 2 µg/ml (starved) and then analysed as in Figure 1 of L-CPT1 to malonyl-CoA inhibition [14, 15] . Therefore, we reasoned that this would be a good model with which to test the central hypothesis that changes in malonyl-CoA sensitivity of the enzyme are due to altered N-C spatial interactions. Firstly, we confirmed that benzyl alcohol was having the same effects as reported previously [14] in our present incubation conditions. In agreement with the results in [14] , incubation of fed rat liver mitochondria with benzyl alcohol increased both L-CPT1 activity and its IC 50 value for malonyl-CoA (Table 1 and Figure 5A ) to values similar to those observed in the starved and diabetic states (Table 1) . Interestingly, benzyl alcohol did not change the susceptibility of L-CPT1 towards trypsin proteolysis (results not shown); therefore, the same trypsin concentration as that used for mitochondria isolated from fed rats was used for these crosslinking experiments. In the absence of benzyl alcohol, the N-C intramolecular cross-linking could already be detected with 25 µM of sulpho-KMUS ( Figure 5B ). In the presence of increasing concentrations of benzyl alcohol, higher concentrations of cross-linker were required to observe the N-C intramolecular cross-linking ( Figure 5B ). These results indicated that the increase in membrane fluidity induced by benzyl alcohol, in addition to inducing a desensitization of L-CPT1 to malonyl-CoA inhibition, also altered the interactions between the cytosolic N terminus and the catalytic C-terminal domain of L-CPT1 in such a way as to decrease the facility of sulpho-KMUS-mediated crosslinking. Moreover, this concurred with the inverse relationship observed between the efficiency of sulpho-KMUS to generate a N-C covalent cross-link and malonyl-CoA sensitivity: the higher the IC 50 value for malonyl-CoA (starvation > diabetes = benzyl alcohol > fed) (Table 1) , the less efficient the cross-linker was in establishing a link between the regulatory N-terminus and the catalytic C-terminal domain respectively (compare Figure 4 with Figure 5B ).
Direction of bi-functional cross-linking by sulpho-KMUS
The amine/sulphydryl sulpho-KMUS cross-linker establishes a covalent bond with the side chain of lysine through one of its functional groups, and a cysteine residue with the other. The primary amino acid sequence of the rat L-CPT1 indicates the existence of one (Cys 32 ) in the cytosolic N-terminus and twelve cysteine residues within the C-terminal domain [1] (Figure 6A ). In order to investigate whether N-C cross-linking involved Cys 32 and a lysine residue on the C-terminal domain, we made use of the fact that human L-CPT1 lacks a cysteine at position 32 [2] (Figure 6A ). Therefore, we expressed human L-CPT1 in S. cerevisiae and performed cross-linking experiments using sulpho-KMUS. As can be seen in Figure 6 (B), sulpho-KMUS was able to crosslink the human protein equally effectively as for the rat protein, indicating that the direction of cross-linking was N-terminal lysine to C-terminal cysteine, rather than the other way round. Moreover, because in human L-CPT1 residue 29 is an arginine rather than lysine, we are also able to eliminate this position as the site for cross-linking by sulpho-KMUS. Therefore, this observation restricts the possibilities to one of the four lysine residues that occur very close to the predicted TM1-cytosol boundary, between residues 40 and 47 in the primary sequence.
Interference by N-terminal point mutations with sulpho-KMUSmediated N-C cross-linking
The cytosolic N-terminus has been reported to contain both positive (residues 1-18) and negative (residues 19-30) determinants of malonyl-CoA sensitivity [21, 22] . The point mutation E3A results in a marked decrease in malonyl-CoA sensitivity and in the loss of the high-affinity binding for malonyl-CoA [20, 21] , whereas the S24A/Q30A double mutation increases malonyl-CoA sensitivity [22] . Therefore, to ascertain whether these changes in malonyl-CoA sensitivity are associated with altered N-C interactions, we next examined whether the efficiency of cross-linking was modified in the E3A and S24A/Q30A mutants. As the previous data [20] [21] [22] from the E3A and S24A/Q30A mutants had been obtained on mutant proteins expressed in P. pastoris, first we needed to confirm that the same mutants, when expressed in S. cerevisiae, exhibited the expected opposite changes in malonylCoA sensitivity. As shown in Table 1 and Figure 7 (A), this was found to be the case: the E3A mutant had an increased IC 50 value for malonyl-CoA in comparison with the wild-type protein, whereas the S24A/Q30A mutant had a malonyl-CoA sensitivity at least one order of magnitude higher than that of the wild-type (Table 1 and Figure 7A ). Importantly, for both these mutants, there was a total loss in the ability of sulpho-KMUS to affect the L-CPT1/f82 ratio, irrespective of the concentration of crosslinker used (Figures 7B and 7C) . The shorter analogues, sulpho-GMBS and sulpho-MBS, were equally ineffective (results not shown). These observations indicated that the N-C intramolecular interactions that bring a lysine residue within the Lys 40 -Lys 47 sequence on the N-terminal domain in close proximity to a cysteine residue in the C-terminal domain in the wild-type protein were prevented in both mutants, irrespective of whether they favoured (S24A/Q30A) or antagonized (E3A) increased malonylCoA sensitivity.
DISCUSSION
Existence of physical N-C intramolecular interactions within rat L-CPT1
Previous functional studies of the cytosolic N-terminus of the rat L-CPT1 suggested that this region contains both positive and negative determinants for malonyl-CoA sensitivity [21, 22] which modulate the degree of malonyl-CoA sensitivity, potentially through changes in N-C intramolecular interactions [21, 24] . In the present study, we used a chemical cross-linking strategy to test this hypothesis and to gain further insight into structure-function relationships of rat L-CPT1. Among several polar/apolar and homo-/heterofunctional cross-linkers with a spacer-arm ranging from 0 to 16 Å, sulpho-KMUS was the only one able to establish a N-C intramolecular link between the N-and C-terminal domains of L-CPT1 expressed in S. cerevisiae. Moreover, it was able to do this in intact mitochondria isolated either from yeast or rat liver (see below). As the OMM is expected to be impermeable to such a polar cross-linker, the N-C covalent bond must have been generated on the cytosolic face of the mitochondria, i.e. between the cytosolic N-terminal and the C-terminal domains of L-CPT1. This observation demonstrated for the first time the existence of physical N-C interactions within the L-CPT1 molecule. However, the existence of other intramolecular interactions, such as TM1-TM2 interactions, cannot presently be ruled out. Indeed, the correct TM1-TM2 interactions between transmembrane-segment pairs that occur in native isoforms have been shown to be important in determining the affinity for carnitine for those isoforms [24] . Therefore, it is possible that a wider screening of apolar cross-linkers might detect other (TM1-TM2, intra-loop) intramolecular interactions across the tryptic cleavage site.
Modulations of the N-C intramolecular interactions by physiological state of mitochondrial donor animals
The present study shows that the N-C intramolecular interactions exist not only in fed rat liver mitochondria, but also in the yeastexpressed L-CPT1, indicating that the tertiary structure of the protein when expressed in yeast mitochondria is very similar, if not identical, to that in its native environment. However, these interactions were either totally abolished (in mitochondria from 48-h starved rats) or became less favourable (streptozotocininduced diabetic rats) for the enzyme in mitochondria isolated from the liver of animals in physiological conditions characterized by malonyl-CoA sensitivity that was decreased to a greater or lesser degree respectively. These observations indicate that the changes (decreases) in malonyl-CoA sensitivity of rat L-CPT1 that occur in vivo are associated with modification of N-C intramolecular interactions. It is well established that malonyl-CoA sensitivity of L-CPT1 is dependent on the molecular order of the membrane lipids both in vivo [13] and in vitro in isolated mitochondria [14, 34] or after reconstitution of the purified protein into liposomes, i.e. independently of interaction with other proteins [15] or possibility of phosphorylation [12] . Starvation and diabetes are both associated with an increase in fluidity of the membrane core lipids with the occurrence of an inverse relationship between fluidity and malonyl-CoA sensitivity [13] . In the present study, we show that benzyl alcohol, a membrane-fluidizing agent, concomitantly induced malonyl-CoA desensitization, as previously reported [14, 15] , and attenuation of the N-C intramolecular interactions that occur within L-CPT1; the higher the concentration of benzyl alcohol, the lower was the ability of sulpho-KMUS to cross-link the N-and C-terminal domains. Therefore, decreases in malonyl-CoA sensitivity of L-CPT1 observed in starvation and diabetes are at least partly due to the changes in N-C intramolecular interactions that render cross-linking by sulpho-KMUS more difficult. Such changes may, in turn, be mediated by an increased membrane fluidity which is presumed to facilitate the freedom of the relative movement of TM1 and TM2, and thus of the N-and C-domains with respect to each other [24] . The present observations are the first to provide positive experimental proof of this hypothesis.
Molecular organization of L-CPT1 within the OMM
More marked changes in either malonyl-CoA sensitivity or susceptibility to cross-linking by sulpho-KMUS (which occurred in parallel) were observed for L-CPT1 in the starved state (highest decrease in malonyl-CoA sensitivity accompanied by total loss of cross-linking by sulpho-KMUS). In mitochondria isolated from diabetic animals the IC 50 value for malonyl-CoA was 2-fold lower in comparison with that in mitochondria from fasted animals, and the facility with which sulpho-KMUS could cross-link the Nand C-terminal domains was only partially attenuated. Furthermore, the observation that higher trypsin concentrations were required to cleave the inter-TM loop of L-CPT1 in mitochondria from starved rats, than in either fed or diabetic rat liver mitochondria (Figure 3) , suggested that accessibility of trypsin to its cleavage site within this loop after hypotonic swelling may be restricted in mitochondria from starved rats. One possibility is that differences in the micro-environment of L-CPT1 exist in mitochondria isolated from animals in different physiological states. For example, differences in the outer membrane lipid composition that have previously been observed for mitochondria isolated from starved and diabetic rats [13] could affect the precise secondary structure adopted by the inter-TM loop of the L-CPT1 molecule, and hence its accessibility to cleavage by trypsin. Similarly, a modification of the organization of L-CPT1 within the OMM, and particularly its association with other proteins, may be involved. This is reminiscent of the previous observation that higher concentrations of digitonin were required to release CPT activity from liver mitochondria of starved, but not diabetic and fed, rats [35] . Moreover, L-CPT1 is distributed both within the bulk OMM and contact sites that occur between the outer and inner membranes of rat liver mitochondria [36] [37] [38] and a variation in the relative populations of enzyme in these two microenvironments, in which it appears to adopt a different conformational state as judged by its altered kinetics [39] , might affect accessibility to trypsin.
Evidence for involvement of the region of the N-terminal domain immediately adjacent to the membrane in N-C cross-linking
The present study has provided an experimentally robust strategy for studying N-C interactions in L-CPT1. Although it is outside the scope of the present study to identify the precise tertiary structural features of this interaction, we have obtained important information about the cross-linking reaction, which narrows down the possibilities that need to be addressed in future studies. In particular, we have shown that either point mutation of Glu 3 or the double mutation of Ser 24 and Gln 30 both disrupt the ability of the N-and C-terminal domains to approximate in the precise orientation so as to enable sulpho-KMUS to effect the crosslinking between the two residues involved. Although it is not surprising that such disruption of the secondary and tertiary structures of the N-terminal segment, induced by such mutations, should have affected the distance and/or orientation between the critical residues involved in sulpho-KMUS cross-linking, the mechanistic reasons for the effects of the respective mutations cannot be the same. Thus, in the case of the E3A mutant, the loss in sulpho-KMUS-mediated cross-linking may be ascribed to the fact that this mutant loses most of its malonyl-CoA sensitivity and, presumably, the ability of the N-terminal domain to interact normally (through the negative charge on Glu 3 ) with one or more residues within the C-terminal domain so that this can express its high-affinity malonyl-CoA-binding properties. However, this cannot be the explanation for the loss of cross-linking in S24A/ Q30A double mutant, as this is known to be much more sensitive to malonyl-CoA inhibition. The fact that this double mutant was the only one tested that has a malonyl-CoA sensitivity which is higher than that of native L-CPT1 indicates that hypersensitivity to malonyl-CoA induced by the S24A/Q30A mutation disrupts sulpho-KMUS-mediated cross-linking as much as that accompanying the extreme loss of malonyl-CoA sensitivity (E3A mutant). These observations suggest that the relative positioning of the cross-linked residues in the native enzyme is highly critical (as also indicated by the fact that only the cross-linker with a 15.7 Å spacer-arm was effective), and is totally disrupted under conditions that alter the conformation of the N-terminal domain, so as to change the critical distance/relative orientation between the residues involved. Therefore, the loss of the ability of sulpho-KMUS to cross-link the N-and C-terminal domains cannot be interpreted that all interaction between the two parts of the CPT1 molecule is also lost (indeed, in the S24A/Q30A mutant it may be increased), but that the relative spatial position of the two critical residues is altered sufficiently so as to result in a distance/ orientation between them that prevents cross-linking by sulpho-KMUS.
In conclusion, the present study demonstrates for the first time, through a physico-chemical approach, the existence of the close approximation between a lysine residue within the N-terminal domain (and particularly in the region very close to the membrane) and a cysteine residue in the C-terminal domain that enable a bifunctional molecule with a spacer arm of 16 Å (sulpho-KMUS) to effect a covalent bridge between these two domains. Moreover, we have shown that the ease with which this N-C intramolecular interaction occurs within rat L-CPT1 varies in parallel with its degree of malonyl-CoA sensitivity, in mitochondria isolated from livers of rats under different physiological states, being totally lost when extremes of hypo-or hyper-sensitivity are achieved either physiologically (in mitchondria from 48-h starved rats) or through point mutations of the N-terminal domain (as in E3A and S24A/ Q30A). Finally, we have obtained strong evidence that the cluster of lysine residues within the 7-residue sequence immediately Nterminal to TM1 must be the site of the candidate lysine residue which is involved in the N-C cross-linking observed. Identification of this precise lysine residue, as well as the cysteine residue in the C-terminal domain involved in the sulpho-KMUS-mediated cross-linking, should yield valuable future information about the folding of native L-CPT1 in vivo.
